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Requirement of Myeloid Cells for Axon Regeneration
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The role of CD11b � myeloid cells in axonal regeneration was assessed using axonal injury models and CD11b-TK mt-30 mice expressing a

mutated HSV-1 thymidine kinase (TK) gene regulated by the myeloid-specific CD11b promoter. Continuous delivery of ganciclovir at a

sciatic nerve lesion site greatly decreased the number of granulocytes/inflammatory monocytes and macrophages in the distal stump of

CD11b-TK mt-30 mice. Axonal regeneration and locomotor function recovery were severely compromised in ganciclovir-treated CD11b-

TK mt-30 mice. This was caused by an unsuitable growth environment rather than an altered regeneration capacity of neurons. In absence

of CD11b � cells, the clearance of inhibitory myelin debris was prevented, neurotrophin synthesis was abolished, and blood vessel

formation/maintenance was severely compromised in the sciatic nerve distal stump. Spinal cord-injured axons also failed to regenerate

through peripheral nerve grafts in the absence of CD11b � cells. Therefore, myeloid cells support axonal regeneration and functional

recovery by creating a growth-permissive milieu for injured axons.
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Introduction
Over recent years, it has become increasingly evident that axon
regeneration after neural injury is regulated by many factors.
Some studies have suggested that changes in neuronal expression
of regeneration-associated genes (RAGs), caused by alterations of
intrinsic and/or extrinsic conditions, could account for the in-
ability of neurons to regrow their axons (Plunet et al., 2002).
Others have identified and characterized in the adult nervous
system proteins that can inhibit axonal growth, such as myelin-
associated inhibitors (David and Lacroix, 2003; Yiu and He,
2006). Growth factors, including neurotrophins, and axon guid-
ance molecules have also received their share of attention because
they can support cell survival and promote and/or direct axonal
growth (Lacroix and Tuszynski, 2000; Harel and Strittmatter,
2006). An interesting observation came from the recent discovery
that neurotrophins and axon guidance molecules may also func-
tion as angiogenic factors in the injured/diseased nervous system
(Carmeliet and Tessier-Lavigne, 2005; Klagsbrun and Eichmann,
2005; Folkman, 2007; Kermani and Hempstead, 2007). Whether
the formation of new blood vessels may influence axonal regen-
eration after injury remains, however, to be investigated. Of par-
ticular interest to the present study is the fact that immune cells

may be able to influence all of the above-mentioned cellular re-
sponses after injury.

The hypothesis that non-neuronal cells may influence axon
regeneration was put forward many years ago by Ramon y Cajal
(1991). However, confirmation of this hypothesis only came at
the beginning of the 1980s with seminal experiments by David
and Aguayo (1981) in which peripheral nerve segments were
grafted into the injured CNS. Subsequent studies showed that the
presence of viable cells into the grafts was required for axon
growth to proceed (for review, see Fu and Gordon, 1997). Inter-
estingly, regeneration of injured axons into acellular peripheral
nerve grafts (frozen/thawed grafts) appears to depend on the re-
population of the grafts by migrating/infiltrating cells, because
axonal regeneration in these grafts is completely prevented by the
administration of a mitosis inhibitor (Hall, 1986). Although
Schwann cells were considered to be responsible for promoting
axon regeneration in this study, it is likely that other proliferating
cells, such as immune cells, may also have been implicated in
these effects, especially because the antimitotic drug used did not
target Schwann cells specifically. That immune cells may play a
crucial role in axonal regeneration only became fully appreciated
with the work of Dahlin (1995), who showed that physically pre-
venting cell infiltration into peripheral nerve segments impaired
the outgrowth of injured sciatic nerve axons. Yet the exact roles
played by immune cells and the mechanisms by which they could
regulate regeneration and repair after neural injury are not well
defined.

Here, we demonstrate that myeloid cells play a key role in
axonal regeneration using various models of axonal injuries and
transgenic mice. Selective ablation of CD11b� cells in vivo using
the HSV-1 thymidine kinase (TK)/ganciclovir (GCV) suicide
gene system almost completely prevented granulocyte and
monocyte/macrophage recruitment and/or proliferation into the
injured sciatic nerve. In absence of these immune cells, axonal
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regeneration in the sciatic nerve and recovery of locomotor func-
tion were severely compromised with large deficits persisting
over several weeks after injury. Careful examination of these mice
revealed that CD11b� cells were responsible for clearance of in-
hibitory myelin, neurotrophin synthesis, and formation/mainte-
nance of blood vessels into and beyond the lesion site. Moreover,
we show that spinal cord-injured (SCI) axons fail to regenerate
into peripheral nerve grafts in the absence of CD11b� cells. These
results show that granulocytes and monocytes/macrophages di-
rectly influence axon regeneration by regulating the balance be-
tween inhibitory molecules and growth factors.

Materials and Methods
Animals
A total of 452 adult female mice (8 –12 weeks of age) were used in this
study. Transgenic mice expressing a mutant form of the HSV-1 TK sui-
cide gene under the control of the myeloid-specific CD11b gene pro-
moter, referred to as CD11b-TK mt-30 mice, were generated, reproduced,
and genotyped, as described before by Gowing et al. (2006a). Adminis-
tration of GCV to these mice causes the selective depletion of proliferat-
ing CD11b � cells. Transgenic mice expressing the yellow fluorescent
protein (YFP) marker into a subset of their neurons and axons, thy1-
YFP-H mice (referred to as YFP mice throughout the text), and those
expressing the enhanced green fluorescent protein (EGFP) in Schwann
cells, referred to as S100�-EGFP mice, were purchased from The Jackson
Laboratory and genotyped according to the protocol available on their
website. For a complete description of these mice, please refer to the
studies by Feng et al. (2000) and Zuo et al. (2004). YFP and S100�-EGFP
mice were crossed with CD11b-TK mt-30 mice for the experiments involv-
ing peripheral nerve (PN) grafts and flow cytometry, respectively. NOD/
CB17-Prkdc scid/J mice in the NOD/LtSz background and their wild-type
counterparts, NOD/ShiLtJ mice, were also purchased from The Jackson
Laboratory. NOD/CB17-Prkdc scid/J mice homozygous for the severe
combined immune deficiency (scid) spontaneous mutation are charac-
terized by an absence of functional T-cells and B-cells. Mice had ad
libitum access to food and water. All surgical procedures were approved
by the Laval University Animal Care Committee and followed Canadian
Council on Animal Care guidelines.

Cell culture
Primary Schwann cell and fibroblast cultures derived from sciatic nerves
of adult CD11b-TK mt-30 mice and their wild-type littermates were pre-
pared according to established protocols (Morrissey et al., 1991; Weidner
et al., 1999). Details are available in the supplemental Methods (available
at www.jneurosci.org as supplemental material).

To confirm that the HSV-1 TK mt-30 transgene was expressed specifi-
cally by cells of myeloid origin, and not by other cell types in the sciatic
nerve, cultures of Schwann cells and fibroblasts obtained from CD11b-
TK mt-30 transgenic mice or their wild-type littermates were treated or not
with GCV. For this experiment, Schwann cells and fibroblasts were
seeded at 2.5 � 10 4 cells/well and positive control cells (i.e., GL261-
CMV-TK) at 1 � 10 5 cells/well in CultureSlides (Falcon; BD Biosciences
Discovery Labware) in their respective cell culture medium. Three days
later, the medium was changed, GCV at 1 �M or PBS was added, and cells
were allowed to grow for another 3 d. Cells were then fixed with 4%
paraformaldehyde (PFA) in PBS, pH 7.4, for 20 min and immediately
processed for immunofluorescence following our previously described
protocol (Pineau and Lacroix, 2007). Details are available in the supple-
mental Methods (available at www.jneurosci.org as supplemental
material).

For quantification of Schwann cells (p75 NTR�/S100� �) and fibro-
blasts (fibronectin �/S100� �), the number of labeled cells was estimated
by the optical fractionator method using the Bioquant Nova Prime soft-
ware (Bioquant Image Analysis). Details are available in the supplemen-
tal Methods (available at www.jneurosci.org as supplemental material).

Surgeries and animal treatment
Sciatic nerve microcrush lesions. Mice were deeply anesthetized with
isoflurane and underwent a microcrush lesion of their left sciatic nerve at

the midthigh level, following our previously published method (Boivin et
al., 2007). As before, the lesion site was marked with a 10-0 Ethilon suture
(Ethicon) passed through the epineurium only.

GCV treatment. Mice were treated with four intraperitoneal injections
of either saline or GCV (Cytovene; Roche) at 50 mg/kg, starting 12 h
before the lesion followed by injections every 12 h until the 24 h time
point after lesion. In addition, mice were implanted with miniosmotic
pumps (model 2004; Alzet) to continuously deliver saline or GCV at the
lesion site (0.25 �l/h at 10 �g/�l for 28 d) throughout the duration of
the experiments. For the purpose of the experiment in which we assessed
the role of CD11b � cells in angiogenesis/blood vessel integrity after pe-
ripheral nerve lesion, mice received bidaily intraperitoneal injections of
either saline or GCV at 50 mg/kg starting 12 h before the lesion until the
end of the experimental protocol (i.e., 7 d after lesion).

Sciatic–sciatic nerve grafts. To investigate the capacity of peripheral
axons to regenerate in the absence of CD11b � cells, we performed ex-
periments in which pre-degenerated sciatic nerve segments collected
from either saline-treated or GCV-treated YFP �/TK � (i.e., CD11b-
TK mt-30�/�) and YFP �/TK � [i.e., wild type (WT) for the CD11b-
TK mt-30 transgene] mice were grafted to the sciatic nerve of YFP �/TK �

and YFP �/TK � recipient mice, allowing to visualize YFP � axons that
have regenerated into grafts (for an example of this, see Fig. 4a). All grafts
were allografts and performed under deep isoflurane anesthesia. First,
YFP �/TK � and YFP �/TK � donor mice underwent sciatic nerve micro-
crush lesions at midthigh level and treatment with either saline or GCV,
as described above. One week later, a 3-mm-long segment of their sciatic
nerve distal stump was removed, trimmed of excess epineurial fat in
sterile HBSS, and immediately sutured between the sciatic nerve proxi-
mal and distal stumps of freshly transected recipient mice (i.e., YFP �/
TK � and YFP �/TK � mice). Grafts were aligned with the proximal and
distal ends of the recipient sciatic nerve and secured using 10-0 Ethilon
sutures. Recipient mice were treated with either saline or GCV for the
entire duration of the experimental protocol. For this particular experi-
ment, we selected 2 weeks as the optimal survival time after grafting based
on recommendations from a previous study by English et al. (2005).

Intraspinal transplantation of sciatic nerve segments. To investigate the
capacity of central axons to regenerate in the absence of CD11b � cells, we
performed experiments in which pre-degenerated sciatic nerve grafts
collected from either saline-treated or GCV-treated YFP �/TK � and
YFP �/TK � mice were grafted into the injured spinal cord of YFP �/TK �

and YFP �/TK � recipient mice (for an example of this, see Fig. 9a).
Briefly, YFP �/TK � and YFP �/TK � mice underwent sciatic nerve mi-
crocrush lesions at midthigh level and treatment with either saline or
GCV. One week later, pre-degenerated sciatic nerve distal stumps de-
pleted or not in CD11b � cells were isolated, cut into 2 mm segments, and
immediately transplanted into the injured spinal cord of dorsal he-
misected YFP �/TK � and YFP �/TK � recipient mice. Once again, recip-
ient mice were treated with either saline or GCV for the entire duration of
the experimental protocol. SCI mice were killed after 1 week after graft-
ing. Please refer to our previously published protocols for the lesion/
grafting surgery (Lacroix et al., 2002; Vallières et al., 2006).

Tissue processing
For the experiments involving in situ hybridization (ISH) or ISH com-
bined to immunohistochemistry, mice were overdosed with a mixture of
ketamine and xylazine and transcardially perfused with 0.9% saline so-
lution followed by 4% PFA, pH 9.5, in borax buffer. After perfusion with
the fixative, brains, sciatic nerves, dorsal root ganglia (DRGs), and spinal
cords were dissected out, postfixed for 2 d, and placed overnight in a 4%
PFA-borax/10% sucrose solution until tissue processing. For the purpose
of histological and immunohistochemical labeling, animals were per-
fused instead with cold PBS followed by 4% PFA, pH 7.4, in PBS. Sciatic
nerves were postfixed for 1 h only and then placed in a PBS/20% sucrose
solution until sectioning. More details are provided in the supplemental
Methods (available at www.jneurosci.org as supplemental material).

ISH
ISH was performed to detect mRNAs coding for the following molecules:
GAP-43, CAP-23, T�-1 tubulin, NGF, BDNF, Neurotrophin-3 (NT-3),
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NT-4/5, Tie2, and p75 NTR. Radiolabeled cRNA probes were synthesized
using full-length cDNAs cloned into expression vectors pCRII-TOPO
and the Riboprobe Combination System SP6/T7 (Promega) and T3 RNA
polymerase (Promega). Sequences chosen for probe synthesis were se-
lected to match only the intended genes, as verified by BLAST analysis in
GenBank. ISH was performed according to a previously described
method (Barrette et al., 2007; Pineau and Lacroix, 2007). All sections
were prehybridized, hybridized, and posthybridized in parallel to equal-
ize background intensity. A combination of ISH with immunohisto-
chemistry was performed to localize gene expression in individual cells,
according to our previously published protocol (Pineau et al., 2006).

Histology and immunohistochemistry
One series of adjacent sciatic nerve sections was stained with Luxol fast
blue (LFB) to identify myelin, following our previously published proto-
col (Vallières et al., 2006). These sections were used to quantify myelin
clearance in the degenerating sciatic nerve distal stump.

Immunoperoxidase labeling was performed following our previously
published protocol (Vallières et al., 2006), except that the hydrogen per-
oxide (H2O2) quenching procedure (to reduce the activity of endoge-
nous peroxidases) was performed with 6% H2O2 in methanol for 1 h. All
sections were stained in parallel to equalize the background intensity and
the peroxidase reaction. Multiple immunofluorescence labeling was per-
formed as described previously (Pineau and Lacroix, 2007). The com-
plete description of the primary antibodies used in this study and their
dilution are given in supplemental Table 1 (available at www.
jneurosci.org as supplemental material).

To further confirm the clearance of myelin debris and examine the
myelin phagocytic activity of macrophages in our experiments, Oil Red O
(ORO) staining was combined with CD68 immunofluorescence on the
same series of sciatic nerve sections. As previously reported by us and
others, ORO staining is highly specific for degenerating myelin and for
myelin that has been ingested by macrophages (Ma et al., 2002; Vallières
et al., 2006). Immunofluorescence was performed first followed by ORO
staining, as previously described (Boivin et al., 2007).

Epon embedding and toluidine blue staining
For examination of motor and sensory neuron viability after sciatic nerve
microcrush lesion in mice depleted in CD11b � cells, animals were per-
fused with 4% PFA, pH 7.4, at 50 d after lesion. Ipsilateral L5 dorsal and
ventral roots were immediately collected, postfixed in 2.5% glutaralde-
hyde and 0.5% PFA in PBS buffer, pH 7.4, for 2 h, postfixed in 2%
osmium tetroxide for another 2 h, and then processed for embedding in
Epon following our previously described protocol (Vallières et al., 2006).
One-micrometer-thick cross sections of the roots were stained with 1%
toluidine blue for light microscopy.

Quantification of ISH signal and histological and
immunohistochemical labeling
Quantification was performed using the Bioquant Nova Prime image
analysis system (Bioquant Image Analysis). Details are available in the
supplemental Methods (available at www.jneurosci.org as supplemental
material.

Flow cytometry analysis of sciatic nerve Schwann cells
To address the question of whether depletion of CD11b � myeloid cells
may have affected Schwann cell function, rather than Schwann cell pro-
liferation, the expression of Galectin-3 in Schwann cells was examined in
vivo using flow cytometry. This was done on Schwann cells purified from
sciatic nerve distal stump biopsies obtained from mice generated from
crossing S100�-EGFP with CD11b-TK mt-30 mice. In this experimental
setting, Schwann cells were gated based on their expression of S100� (i.e.,
GFP) and p75 NTR. Surface and intracellular expression of Galectin-3 was
then examined in Schwann cells collected from S100�-EGFP/CD11b-
TK mt-30 transgenic mice or their wild-type littermates after treatment
with either saline or GCV. More details are available in the supplemental
Methods (available at www.jneurosci.org as supplemental material).

Behavioral analysis
Recovery of locomotor function after sciatic nerve lesion was quantified
using the sciatic nerve functional index (SFI), as described previously

(Boivin et al., 2007). This test was performed for all animals preopera-
tively and every week for 7 weeks after the operation. The SFI was mea-
sured using the formula adapted for mice by Inserra et al. (1998). SFI
values oscillated around 0 � 10 for noninjured animals and around
�100 � 10 after complete lesion of the sciatic nerve (de Medinaceli et al.,
1982). All behavioral analyses were done blind with respect to the identity
of the animals.

Statistical analysis
All statistical evaluations were performed with one- or two-way ANOVA
or repeated-measures ANOVA. Post-ANOVA comparisons were made
using the Bonferroni test. All statistical analyses were performed using
the GraphPad Prism software (GraphPad Software). A value of p � 0.05
was considered to be statistically significant. Data in graphs are presented
as mean � SEM.

Results
The HSV-TK transgene is specifically expressed by cells of
myeloid origin in the injured sciatic nerve of CD11b-TK mt-30

mice
The specificity of expression of the HSV-TK transgene was first
assessed in vitro using primary cultures of Schwann cells and
fibroblasts derived from sciatic nerves of adult CD11b-TK mt-30

transgenic mice and wild-type littermates. First, we established
that Schwann cell and fibroblast cultures were pure (�98% pu-
rity) based on multiple immunofluorescence labeling using cell-
specific markers (supplemental Fig. 1a– d, available at www.
jneurosci.org as supplemental material). Cells were then treated
with either GCV or PBS for 3 d and counted to verify whether
treatment induced cell death (supplemental Fig. 1e, available at
www.jneurosci.org as supplemental material). Cells from a
mouse glioma cell line, GL261, transduced with a lentiviral vector
expressing the HSV-TK construction under the control of the
CMV promoter (GL261-CMV-TK) were used as positive control
cells. As demonstrated in supplemental Figure 1e (available at
www.jneurosci.org as supplemental material), the addition of
GCV to the culture medium led to the killing of almost all GL261-
CMV-TK control cells, but had no effect on the survival of both
Schwann cells and fibroblasts. This confirmed the lack of ectopic
expression of the HSV-TK transgene in these cells.

It was imperative to obtain in vivo evidence that GCV treat-
ment did not ablate proliferating Schwann cells in our CD11b-
TK mt-30 transgenic mice, because these cells have been long rec-
ognized to play an indispensable role in promoting peripheral
nerve regeneration and repair after injury (Fu and Gordon,
1997). Thus, we examined whether there was a decrease of
Schwann cells after a sciatic nerve microcrush lesion in GCV-
treated CD11b-TK mt-30. For this, transgenic mice and their wild-
type littermates received intraperitoneal injections (twice a day
for 2 d) of either GCV or saline plus continuous delivery of the
drugs at the lesion site using Alzet miniosmotic pumps. Schwann
cells were visualized through detection of the Schwann cell
marker, p75 NTR, in peripheral nerve preparations using ISH. As
shown in supplemental Figure 2a (available at www.jneurosci.org
as supplemental material), the levels of p75 NTR mRNA signal at
various distances from the site of sciatic nerve lesion did not
statistically differ between groups at 7 d after lesion.

GCV administration to CD11b-TK mt-30 transgenic mice
results in the depletion of granulocytes, monocytes, and
macrophages in the sciatic nerve after injury
To identify the populations of myeloid cells that were depleted in
GCV-treated CD11b-TK mt-30 transgenic mice, immunolabeling
was performed on tissue sections prepared from injured sciatic
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nerves. Macrophages, granulocytes/in-
flammatory monocytes, T-cells, and
B-cells were identified by immunolabeling
against CD68, Gr-1, CD3, and CD45R/
B220, respectively, and cells were counted
using stereological methods at various dis-
tances distal to the lesion site. At 7 d after
lesion, the number of CD68� and Gr-1�

cells was reduced by 89 and 98%, respec-
tively, in the sciatic nerve distal stump of
GCV-treated CD11b-TK mt-30 transgenic
mice compared with control groups (Fig.
1a–f). The continuous delivery of GCV at
the lesion site was also associated with a
slight but significant decrease in the num-
ber of CD68� macrophages and Gr-1�

granulocytes/inflammatory monocytes in
the sciatic nerve distal stump of WT mice.
This finding is consistent with reported
cases of patients developing granulocyto-
penia during treatment with GCV, also
know as Cytovene (for more information,
please consult the product information
form available on the Roche Pharmaceuti-
cals website). In contrast, B- and T-cell
counts in the injured sciatic nerve were es-
sentially unaltered, except at the lesion site
at which a small but statistically significant
difference in T-cell numbers was detected
between GCV-treated and saline-treated
CD11b-TK mt-30 mice (Fig. 1g,h). This
finding, which is well in line with results
published in a previous study using a sim-
ilar transgenic mouse model (Heppner et
al., 2005), indicates that GCV treatment in
CD11b-TK mt-30 mice had limited effects
on T- and B-cell number and that lympho-
cyte recruitment into the injured periph-
eral nerve did not depend on chemokines/
cytokines released by granulocytes,
monocytes, and macrophages or the phys-
ical presence of these cells.

Recovery of sciatic nerve functions is
severely compromised in mice depleted
in CD11b � myeloid cells
To investigate whether functional recov-
ery would be affected by the absence of
CD11b� cells in the context of neural in-
jury, hindlimb motor and sensory func-
tion was assessed after sciatic nerve injury
using the SFI (Fig. 2). Results showed no
statistically significant difference in the
preoperative SFI values among the four
different groups included in this experiment. However, GCV
treatment in sciatic nerve-injured CD11b-TK mt-30 transgenic
mice resulted in large deficits in recovery of sciatic nerve func-
tions. When compared with all other groups, statistical signifi-
cance for SFI values of GCV-treated CD11b-TK mt-30 mice was
reached at 14, 21, 28, 35, 42, and 49 d after lesion (Fig. 2a). Even
at 49 d, the latest time point analyzed in this study, GCV-treated
transgenic mice were unable to stand on the plantar surface of
their toes (Fig. 2c– e), indicating severe neurological deficits in

these mice. Instead, they stood on their heels and curled dorsal

surface of their paws, whereas saline-treated WT animals sub-

jected to a lesion of their left sciatic nerve looked normal at the

same time point. Notably, GCV-treated WT animals exhibited

significant locomotor deficits compared with saline-treated WT

and transgenic mice at 21 and 28 d after lesion. We explain these

results by the fact that continuous delivery GCV at the lesion site

was associated with a slight but significant decrease in white

blood cell count in the sciatic nerve distal stump of WT animals.

Figure 1. Treatment of CD11b-TK mt-30 (TK) transgenic mice with GCV results in the almost complete depletion of CD68 �

macrophages and Gr-1 � granulocytes/inflammatory monocytes in the injured sciatic nerve. a, d, g, h, Quantification of the

number of CD68-immunoreactive (ir) macrophages, Gr-1-ir granulocytes/inflammatory monocytes, CD3-ir T-cells, and CD45R-ir

B-cells in the sciatic nerve distal stump of TK and WT mice at 7 d after lesion in response to either GCV or saline treatment (n � 8

per group). Notably, a 89 and 98% reduction in the number of CD68 � macrophages and Gr-1 � granulocytes/inflammatory

monocytes, respectively, was observed in the nerve distal stump of GCV-treated TK mice compared with saline-treated TK and WT

mice at 7 d after lesion. b, c, e, f, Representative photomicrographs showing CD68 (b, c) and Gr-1 (e, f ) immunostaining in the

sciatic nerve distal stump of WT and TK mice treated with GCV at 7 d after lesion. The arrows point to the 10-0 suture node

indicating the site of lesion (e, f ). All data are expressed as mean � SEM. ***p � 0.001 and *p � 0.05 compared with respective

control groups. Scale bar: (in f ) b, c, e, f, 80 �m.

9366 • J. Neurosci., September 17, 2008 • 28(38):9363–9376 Barrette et al. • Myeloid Cells and Axonal Regeneration



When miniosmotic pumps used to continuously deliver GCV
at the lesion site were removed after 1 week after injury of treat-
ment, CD11b-TK mt-30 mice recovered sciatic functions similar to
control animals after 6 –7 weeks (Fig. 2b). This represents a delay
of �1–2 weeks compared with the typical time course of recovery
seen in control mice. Our interpretation of the latter result is that
nerve regeneration and repair may have started to proceed as
soon as CD11b� myeloid cells were allowed to proliferate and
invade the injured sciatic nerve.

Myeloid cells are not required for survival of axotomized
sciatic motor and sensory neurons
We next asked whether the long-term deficits described above
could have been caused by the death of axotomized neurons,
because CD11b� cells could have produced or affected the re-
lease of factors that are critical for neuronal survival after injury.
To test this possibility, we analyzed the viability of motor and
sensory neurons at 50 d after sciatic axotomy. Results showed that
�2.5% of all L5 dorsal root ganglion neurons and spinal cord
motor neurons projecting into the sciatic nerve had died from the
microcrush lesion at 50 d after injury (data not shown). As dem-
onstrated in Figure 3, neuronal viability did not differ between
GCV-treated CD11b-TK mt-30 transgenic mice and control mice
at 50 d. These data suggest that the severe and persistent neuro-
logical deficits observed in GCV-treated CD11b-TK mt-30 trans-
genic mice after peripheral nerve injury are not the result of neu-
ronal cell loss, leaving axonal regeneration failure as the most
likely explanation.

Peripheral nerve axon regeneration is
compromised in mice depleted in
CD11b � cells
We thus tested whether axonal regenera-
tion was compromised in the absence of
CD11b� cells. For this, we took advantage
of transgenic mice that were generated
from breeding thy1-YFP-H mice (that ex-
press the YFP marker in a subset of their
neurons and axons) with CD11b-TK mt-30

mice and quantified the total number of
YFP� sciatic nerve axons that had regen-
erated into YFP� peripheral nerve allo-
grafts depleted or not in CD11b� cells. A
representative example of the regeneration
of YFP� sciatic nerve axons into a graft
taken from a saline-treated TK�/YFP�

mouse at 2 weeks after lesion/grafting is
presented in Figure 4, a and b. Proximal to
the graft at 2 weeks after surgery, no statis-
tically significant difference in the count of
YFP� axons was found between the four
different groups included in this experi-
ment (Fig. 4c). However, the situation
within the graft differed drastically among
the groups, because peripheral axons al-
most completely failed to regenerate in the
absence of CD11b� cells. The following
axonal numbers (�SEM) were counted at
predetermined distances within periph-
eral nerve grafts from GCV-treated
CD11b-TK mt-30 mice: 500 �m, 3.7 � 1.2
axons; 1000 �m, 3.0 � 0.9 axons; 1500
�m, 2.3 � 0.8 axons; and 2000 �m, 1.3 �

0.8 axons. In all other groups, average
counts of YFP� axons within grafts varied between 45.5 � 8.1
and 61.0 � 5.4 axons at 500 �m, 37.0 � 2.8 and 55.3 � 6.2 axons
at 1000 �m, 31.0 � 2.9 and 43.1 � 3.3 axons at 1500 �m, and
16.8 � 3.1 and 36.6 � 3.6 axons at 2000 �m. The difference in
axonal counts between GCV-treated TK� grafts (these grafts
were used to repair the sciatic nerve of TK�/YFP� recipient
mice) and grafts from other groups is significant for all distances
analyzed (two-way repeated-measures ANOVA, p � 0.001). To-
gether with our previous finding that sciatic nerve function re-
covery is severely compromised in GCV-treated CD11b-TK mt-30

mice, these results indicate that myeloid cells are essential for
peripheral axon regeneration.

Neuronal cell bodies of axotomized sciatic nerve axons react
normally to injury by overexpressing RAGs even in the
absence of myeloid cells
We then investigated some of the mechanisms that could be used
by CD11b� myeloid cells to promote axonal regeneration. One
likely theory was that CD11b� cells may somehow alter the in-
trinsic capacity of neuronal cell bodies to regenerate. Using ISH,
we therefore studied the expression of RAGs such as GAP-43,
CAP-23, and T�-1 tubulin in cell bodies of axotomized motor
and sensory neurons projecting through the sciatic nerve. These
three RAGs were chosen based on previous studies that showed
that the expression of these particular genes reflected the intrinsic
capacity of neurons to regenerate their axons [these studies are
summarized in the review article by Plunet et al. (2002)]. For this
experiment, mice were killed at 7 d after lesion. This time point

Figure 2. CD11b � cells are required for recovery of sciatic nerve functions after injury. a, Recovery of locomotor functions from

a sciatic nerve lesion, as determined by the sciatic function index (SFI), is severely compromised in GCV-treated CD11b-TK mt-30

(TK) transgenic mice compared with control groups, with large deficits persisting even at 49 d after lesion (n � 12 per group). b,

When minipumps were removed at 7 d after lesion in TK mice, transgenic animals recovered after 6 –7 weeks (n � 12 per group).

Error bars indicate SEM. c– e, Representative examples of the typical posture adopted by saline-treated WT (c) and GCV-treated TK

(d, e) mice at 35 (d) and 49 (c, e) days after lesion of their left sciatic nerve. ***p � 0.001 and **p � 0.01 compared with

respective control groups.
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was selected based on a time course study that demonstrated
maximal expression between 3 and 7 d (data not shown). As
shown in Figure 5, cell bodies from motor neurons projecting
through the sciatic nerve appeared to react normally to the ab-
sence of CD11b� cells by overexpressing GAP-43, CAP-23, and
T�-1 tubulin mRNAs (Fig. 5). Similarly, L5 DRG sensory neu-
rons were also found to overexpress these RAGs after injury and
mRNA levels remained similar between all groups at 7 d (data not
shown). Obviously, these results do not exclude the possibility
that expression of these or other RAG genes was modulated in cell
bodies of axotomized neurons at other times after injury. Never-
theless, they do suggest that CD11b� myeloid cells modulate
axonal regeneration by directly influencing growth cone dynam-
ics through the creation of a more favorable growth environ-
ment, having little or no detectable effects at the perikaryon level.

Myeloid cells are essential for the clearance of inhibitory
myelin debris after peripheral nerve injury
One way by which myeloid cells may create a more permissive
environment for axon regeneration is by clearing inhibitory my-
elin debris during wallerian degeneration. We therefore investi-
gated whether clearance of myelin debris would be compromised
in the absence of CD11b� cells. Quantification of LFB staining, a
marker of myelin, in the sciatic nerve distal stump revealed that
the load of myelin debris was �200% higher in GCV-treated
CD11b-TK mt-30 mice compared with control groups at 7 d after

lesion (Fig. 6a). This was further supported by the finding that the
number of CD68� macrophages that had ingested myelin debris,
as visualized using ORO staining, was decreased by �66% in
degenerating sciatic nerves of GCV-treated CD11b-TK mt-30 mice
compared with control groups at 7 d (data not shown). Exami-
nation of our sciatic nerve preparations also revealed that, al-
though myelin debris clearance was severely compromised in the
sciatic nerve distal stump of GCV-treated CD11b-TK mt-30 trans-
genic mice (Fig. 6b,c), myelin breakdown and formation of
ovoids of degenerating myelin was not prevented in these mice.
Furthermore, we found that most of the remaining CD68� mac-
rophages (i.e., those not depleted by the GCV treatment) were
filled with myelin debris. In our opinion, this may explain why
macrophage depletion strategies did not completely abolish my-
elin debris clearance in this and another study (Brück et al.,
1996). Still, we cannot rule out the possibility that Schwann cells
may have also been involved in the phagocytosis of myelin debris,
as suggested by others (Stoll et al., 1989; Reichert et al., 1994;
Fernandez-Valle et al., 1995; Saada et al., 1996; Hirata and Kawa-
buchi, 2002).

Because some of the above-mentioned studies have suggested
that myelin phagocytosis by Schwann cells may occur via a lectin-
mediated mechanism implicating Galectin-3, also referred to as
Mac-2, we next investigated whether depletion of CD11b� my-
eloid cells may affect the expression of Galectin-3 in Schwann
cells. Using immunohistochemistry, we first found that, although

Figure 3. Depletion of CD11b � cells does not lead to death of axotomized neurons. a, d, Counts of axonal profiles in Epon-embedded L5 ventral and dorsal roots at 50 d after lesion revealed that

differences in functional recovery in CD11b-TK mt-30 (TK) transgenic mice compared with WT are not caused by the loss of motor or sensory neurons. Error bars indicate SEM. b, c, e, f, Photomicro-

graphs showing toluidine blue staining of L5 ventral (b, c) and dorsal (e, f ) roots ipsilateral to the lesion. Representative cross sections were taken from GCV-treated WT and TK mice. Scale bar: (in

f ) b, c, e, f, 12.5 �m.
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Galectin-3 signal was decreased in the sciatic nerve distal stump
of GCV-treated CD11b-TK mt-30 mice compared with control
groups, protein levels remained relatively high in transgenic mice
even in the absence of close to 90% of all CD68� macrophages
(supplemental Fig. 3a– d, available at www.jneurosci.org as sup-
plemental material). These results therefore support the idea that
Schwann cells are an important source of Galectin-3 after periph-
eral nerve injury. We then aimed to determine whether Schwann
cell function related to myelin debris clearance could have been
altered in the absence CD11b� myeloid cells. For this, flow cy-
tometry was used to examine the expression of Galectin-3 in
Schwann cells purified from sciatic nerve distal stump biopsies
collected from mice generated from crossing S100�-EGFP with
CD11b-TK mt-30 transgenic mice. In GCV-treated S100�-EGFP/

CD11b-TK mt-30 mice, we found that the proportion of Schwann
cells expressing Galectin-3 was 68.9 � 8.6% at 7 d after lesion
(supplemental Fig. 3e, available at www.jneurosci.org as supple-
mental material). This proportion did not differ significantly be-
tween groups, with percentages of S100��P75 NTR�Galectin-3�

of 79.3 � 4.8, 76.9 � 5.7, and 79.6 � 5.9% in saline-treated WT,
saline-treated S100�-EGFP/CD11b-TK mt-30, and GCV-treated
WT mice, respectively. In summary, these results indicate that a
major subset of Schwann cells express Galectin-3 at 7 d after
peripheral nerve injury and that upregulation of the galactose-
specific lectin does not depend on the presence CD11b� myeloid
cells. Along these lines, the Rotshenker Laboratory (Saada et al.,
1996) previously proposed that fibroblasts are responsible,
through the production and release of granulocyte-macrophage
colony-stimulating factor, for the upregulation of Galectin-3 in
Schwann cells and macrophages in lesioned peripheral nerves.

Neurotrophin synthesis is prevented in the absence of
CD11b � myeloid cells
Another way by which axon regeneration is regulated in the in-
jured nervous system is through the release of growth factors such
as neurotrophins by non-neuronal cells. One current dogma in
the regeneration field is that Schwann cells in the peripheral nerve
distal stump secrete neurotrophins in a macrophage-dependent
manner (Heumann et al., 1987b; Lindholm et al., 1987). Thus, we
next investigated whether neurotrophin synthesis would be com-

Figure 4. Regeneration of peripheral axons is prevented in the absence of CD11b � cells. a,

Photograph showing an example of sciatic–sciatic nerve graft. b, Representative fluorescence

photomicrograph showing sciatic nerve axons expressing the YFP marker that have regenerated

into a PN graft collected from a saline-treated YFP �/TK� mouse (i.e., CD11b-TK mt-30�/�).

The arrows point to the two 10-0 sutures used to connect the PN graft between the proximal and

distal ends of the recipient sciatic nerve from the YFP transgenic mouse. c, Quantification of the

number of YFP-labeled axons at predetermined distances from the proximal host– graft inter-

face (n � 8 per group). Although the total number of YFP � axons was similar in all groups at a

distance of 1.5 mm from the proximal host– graft interface (i.e., into the proximal end of the

recipient sciatic nerve), YFP � axons were only able to regenerate into predegenerated PN

grafts in the presence of CD11b � cells. Error bars indicate SEM. ***p � 0.001. Scale bar,

500 �m.

Figure 5. Cell bodies from axotomized sciatic motor neurons reacted normally to injury in

the absence of CD11b � cells by overexpressing regeneration-associated genes. a– c, Quanti-

fication of in situ hybridization signal for GAP-43 (a), CAP-23 (b), and T�-1 tubulin (c) mRNAs

[in optical density (O.D.); arbitrary units] in the ipsilateral motoneuronal cell group of Rexed’s

lamina IX at spinal levels L2–L5 in CD11b-TK mt-30�/� (TK) and WT mice treated with either

GCV or saline at 7 d after sciatic nerve lesion (n � 8 per group). Error bars indicate SEM.
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promised after sciatic nerve lesion in the
absence of CD11b� myeloid cells. Because
neurotrophins are apparently expressed in
low abundance and because specific anti-
bodies for these growth factors that work
well in fixed tissue sections are difficult to
find, we chose to use radioactive ISH and
highly specific RNA riboprobes to detect
mRNAs coding for each of the four mam-
malian neurotrophins. This method has
been used with great success by our labo-
ratories in previous studies in which we
reported the expression of cytokines/
growth factors in models of CNS diseases
and injuries (Gowing et al., 2006b; Boivin
et al., 2007). The specificity of our ribo-
probes was first tested in the adult mouse
brain. As demonstrated in supplemental
Figure 4 (available at www.jneurosci.org as
supplemental material), the distribution
of NGF, BDNF, NT-3, and NT-4/5 mR-
NAs using our radiolabeled cRNA probes
and ISH protocol is similar to what has
been reported by others in intact adult rat
and mouse brains (Bandtlow et al., 1990;
Hofer et al., 1990; Maisonpierre et al.,
1990; Guthrie and Gall, 1991). Consistent
with findings from these previous studies,
both similarities and differences were ob-
served in the distribution pattern of neu-
rotrophin gene expression in the adult ro-
dent brain.

Using ISH, we first performed a time
course study to examine neurotrophin ex-
pression after sciatic nerve injury. For this,
C57BL/6J mice were killed at 6 h and at 1,
3, 5, 7, 10, and 14 d after lesion. In general,
all neurotrophins had a similar pattern of
expression. As expected, we found no hy-
bridization signal for any of the neurotro-
phins analyzed on sciatic nerve sections
obtained from noninjured mice. At 6 h af-
ter lesion, cells expressing neurotrophins
were rare and strictly found at the lesion
site, in close association with the
epineurium. At 1 d, more positive cells
were seen, again closely associated with the
epineurium and blood vessels irrigating
the nerve. At 3 d, neurotrophin-positive
cells had already invaded the entire sciatic
nerve distal stump, with cell numbers in-
creasing over time up to day 14 after le-
sion, the latest time point analyzed. An ex-
ample of NT-3 mRNA signal in the sciatic
nerve distal stump at 7 d is shown in Figure
7b. Quantitative analyses of the number of
cells expressing neurotrophins in the nerve distal stump showed
that the number of NT-3� (Fig. 7a), BDNF� (supplemental Fig.
5a– c, available at www.jneurosci.org as supplemental material),
NGF� (supplemental Fig. 5d–f, available at www.jneurosci.org as
supplemental material), and NT-4/5� (supplemental Fig. 5g–i,
available at www.jneurosci.org as supplemental material) cells
had decreased by 92, 88, 87, and 86%, respectively, in GCV-

treated CD11b-TK mt-30 transgenic mice compared with control

groups at 7 d. We interpret these findings as evidence that neu-

rotrophin synthesis by non-neuronal cells depends on the pres-

ence of CD11b� myeloid cells.

To determine whether neurotrophins were produced by cells

of myeloid origin or by other cell types in response to factors

released by infiltrating CD11b� cells, as suggested by others

Figure 6. Inhibitory myelin debris could not be cleared in the absence of CD11b � cells. a, Quantification of LFB staining of

myelin in the sciatic nerve distal stump of CD11b-TK mt-30�/� (TK) and WT mice treated with either GCV or saline at 7 d after sciatic

nerve lesion (n�8 per group). Although myelin breakdown and formation of ovoids of degenerating myelin were apparent in the

sciatic nerve distal stump of GCV-treated TK mice, quantification of LFB staining revealed that the load of myelin debris was

�200% higher in mice depleted in CD11b � cells compared with mice of control groups at 7 d after lesion. Error bars indicate SEM.

b, c, Representative bright-field photomicrographs showing myelin stained with LFB in the sciatic nerve distal stump of GCV-

treated WT and GCV-treated TK mice at 7 d after lesion. ***p � 0.001. Scale bar: (in b) b, c, 100 �m.

Figure 7. NT-3 synthesis in the injured peripheral nerve is prevented in the absence of CD11b � cells. a, Quantification of the

number of cells expressing NT-3 mRNA in the sciatic nerve distal stump of CD11b-TK mt-30 (TK) and WT mice at 7 d after lesion in

response to either GCV or saline treatment (n � 8 per group). Error bars indicate SEM. b, c, Representative dark-field photomi-

crographs showing NT-3 mRNA expression in the sciatic nerve distal stump of GCV-treated WT (b) and GCV-treated TK (c) mice at

7 d after lesion. d, e, Photomicrographs of the sciatic nerve distal stump of a WT mouse showing colocalization of NT-3 mRNA with

Gr-1-immunoreactive granulocytes/inflammatory monocytes. The arrows point to double-labeled cells. f, Representative dark-

field photomicrograph showing the presence of numerous cells expressing NT-3 mRNA in the sciatic nerve distal stump of a scid

mouse that has no functional T- and B-cells at 7 d after lesion. Together, these results indicate that a subset of CD11b � myeloid

cells expressing the cell surface protein Gr-1 are responsible for neurotrophin synthesis in the injured peripheral nerve. ***p �

0.001. Scale bars: (in e) d, e, 5 �m; (in f ) b, c, f, 100 �m.
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(Lindholm et al., 1987), double-labeling studies combining ISH
with immunohistochemistry were performed on the same sciatic
nerve section. Results showed that granulocytes and/or a subset
of monocytes expressing Gr-1� were the main, if not only, cellu-
lar source of neurotrophins in the injured sciatic nerve (Fig. 7d,e).
Not surprisingly, scid mice (NOD/CB17-Prkdc scid/J mice) that
have no functional T- and B-cells were still capable of expressing
neurotrophins after sciatic nerve injury (Fig. 7f). These results are
well in line with our previous finding that GCV treatment in
CD11b-TK mt-30 transgenic mice had very limited effects on T-
and B-cell recruitment after peripheral nerve injury, although
neurotrophin synthesis was almost completely prevented in these
mice. Together, these results demonstrate that, in vivo, Gr-1�

granulocytes/inflammatory monocytes are recruited to the in-
jured peripheral nervous system and may contribute to nerve
regeneration and repair through the production of
neurotrophins.

The formation/stabilization of blood vessels is compromised
in the absence of CD11b � myeloid cells
During the course of this study, we also observed that a certain
percentage of axons that regenerate into PN grafts grew along the
trajectory of blood vessels (Fig. 8a– g). We therefore asked
whether depletion in CD11b� cells could have affected the for-
mation/stabilization of blood vessels in the injured peripheral
nerve, because angiogenesis and axonal regeneration may be reg-
ulated by common cues/factors. To test this, we performed im-
munohistochemistry against the endothelial marker CD31 and
found that the number of blood vessels was significantly de-
creased in the sciatic nerve distal stump of GCV-treated CD11b-
TK mt-30 mice compared with all other groups (Fig. 8h–j,o–r).
These results were confirmed by another method of quantifica-
tion in which the proportional area of tissue occupied by CD31
immunofluorescence was measured. Using this type of analysis,
results showed that the area occupied by blood vessels in the
sciatic nerve distal stump was reduced by �75% in mice depleted
in CD11b� cells compared with control groups (data not
shown). Importantly, the number of CD31� blood vessels in the
contralateral nerve (unlesioned) was equivalent for all groups
(Fig. 8k–n), indicating that ganciclovir treatment did not cause
vessel death. Finally, we found that cells expressing the Tie2 an-
giopoietin receptor, which were recognized for their proangio-
genic properties and may account for 1–15% of all CD11b� my-
eloid cells (De Palma et al., 2003, 2005), were absent from the
injured sciatic nerve of GCV-treated CD11b-TK mt-30 transgenic
mice (Fig. 8s,t). These results indicate that myeloid cells, or a
subset of these cells expressing CD11b, are essential for the for-
mation/stabilization of blood vessels in the injured nervous sys-
tem. We suggest that specific factors produced by these CD11b�

myeloid cells regulate axonal growth and blood vessel
formation/stabilization.

Regeneration of spinal cord-injured axons into PN grafts is
compromised in mice depleted in CD11b � cells
The preceding experiments demonstrated that CD11b� cells reg-
ulate peripheral axon regeneration after injury by creating a
growth-permissive environment at the growth cone level. More
specifically, they showed that CD11b� cells are responsible for
clearance of inhibitory myelin debris, neurotrophin synthesis,
and blood vessel formation/stabilization in the nerve distal
stump. However, whether regeneration of lesioned CNS axons
into PN grafts depends on the presence of CD11b� myeloid cells
remains unknown. To study this, predegenerated peripheral

nerve grafts depleted or not in CD11b� cells were implanted into
the injured spinal cord of YFP� recipient mice at the thoraco-
lumbar junction (Fig. 9a). Examples of YFP fluorescence ob-
served within the thoracic and lumbar spinal cord of a thy1-
YFP-H recipient mouse are shown in Figure 9, b and c. Note that
axons from almost all spinal axon tracts express YFP in these
mice. PN grafts were first identified in histological sections using
laminin immunolabeling and the number of SCI YFP fluorescent
axons that had regenerated into grafts counted (Fig. 9d,e). As for
peripheral axons, central axons almost completely failed to re-
generate into PN grafts in the absence of CD11b� cells (Fig. 9f).
On average, we counted �1 YFP� axons per graft (i.e., 0.8 � 0.5
axon per graft) in nerve grafts obtained from GCV-treated
CD11b-TK mt-30 mice at 1 week after grafting/treatment. This
represents a decrease of at least 85% compared with average ax-
onal numbers counted in other groups. Together with our previ-
ous finding that regeneration of sciatic nerve axons is abolished in
GCV-treated CD11b-TK mt-30 mice, these results indicate that
myeloid cells are required for both peripheral and central axon
regeneration.

Discussion
Here, we investigated the long-term effects of persistent granulo-
cyte and macrophage depletion after neural injury. Longitudinal
macrophage depletion studies have not been possible in the past
because of their reported toxicity for animals. Here, we bypassed
this problem by using transgenic mice expressing a suicide gene
under the control of the myeloid-specific CD11b gene promoter
and a new drug delivery approach to continuously and directly
infuse the prodrug GCV at the site of sciatic nerve lesion for
prolonged periods of times. Using this model, we were able to
deplete the number of Gr-1� granulocytes/inflammatory mono-
cytes and CD68� macrophages by 98 and 89%, respectively, in
the injured peripheral nerve of transgenic mice. Depletion of
CD11b� cells had limited effects on the infiltration of T- and
B-cells and did not affect Schwann cell number in the sciatic
nerve distal stump. Thus, the use of the CD11b-TK mt-30 trans-
genic mice in the present study represented a model of choice to
clarify the role of CD11b� cells after neural injury.

Surprisingly little is known regarding the exact consequences
of depleting specific subsets of myeloid cells after neural injury.
Whether peripheral nerve regeneration depends on the presence
of supporting cells within and beyond the site of injury had been
controversial for many years until studies demonstrated that the
success of axonal regeneration through acellular nerve grafts de-
pended on the migration of cells into the grafts (for review, see Fu
and Gordon, 1997). In these studies, however, the populations of
cells responsible for these effects were never clearly identified,
and to this day, many assumed that Schwann cells were solely
responsible for the regeneration of peripheral axons. Here, we
show that recovery of sciatic nerve functions was severely com-
promised in mice depleted in CD11b� cells, with large deficits
persisting for as long as myeloid cells were depleted. Importantly,
no difference was observed in the number of Schwann cells de-
tected in the sciatic nerve distal stump of transgenic and control
mice. This result is consistent with reports from two other groups
who recently demonstrated that a partial depletion in macro-
phages has very limited effects on Schwann cell proliferation after
sciatic nerve injury (Kubota and Suzuki, 2000; Gray et al., 2007).
Although it is possible that depletion of CD11b� cells may have
altered Schwann cell gene expression without influencing their
proliferation, these results demonstrate the importance of my-
eloid cells for nerve repair and recovery of neurological functions.
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Figure 8. The formation/stabilization of blood vessels in the injured peripheral nerve is compromised after depletion of CD11b � cells. a– g, Fluorescence photomicrographs showing examples

of sciatic nerve- (a– c) and spinal cord-injured (d– g) axons (green) regenerating into peripheral nerve grafts in close association with blood vessels (CD31 immunolabeling; red). h, Quantification

of the number of CD31-immunoreactive blood vessels at predetermined distances from the lesion site in the sciatic nerve distal stump of CD11b-TK mt-30 (TK) (Figure legend continues.)

9372 • J. Neurosci., September 17, 2008 • 28(38):9363–9376 Barrette et al. • Myeloid Cells and Axonal Regeneration



Using in vivo models of peripheral nerve grafts, we established
that CD11b� myeloid cells are required for regeneration of pe-
ripheral nerve axons and that the presence of these cells can even
support regeneration of SCI axons. Finally, we defined some of
the key mechanisms by which CD11b� cells support axonal re-
generation and neural repair. Specifically, we found that
CD11b� cells are responsible for the removal of inhibitory mye-
lin debris, production of neurotrophins, and formation and sta-
bilization of blood vessels in the injured nervous system.

One likely mechanism by which CD11b� myeloid cells may
contribute to a permissive environment for axon growth is
through the clearance of degenerating myelin and inhibitors of
axonal regeneration. Several proteins associated with myelin
have been shown to inhibit neurite outgrowth or collapse growth
cones, including Nogo-A, MAG, OMgp (oligodendrocyte myelin
glycoprotein), ephrin B3, and semaphorin 4D (David and Lac-
roix, 2003; Yiu and He, 2006). Although some of these proteins
are not expressed in the injured PNS, MAG and semaphorins are
and could contribute to prevent axon regeneration (Liu et al.,
2006). After peripheral nerve injury, immune cells such as
CD11b� macrophages are rapidly recruited and eliminate mye-
lin debris within 10 –14 d (George and Griffin, 1994). This obser-
vation is consistent with our results showing that the load of
myelin debris was �200% higher in animals depleted in CD11b�

cells compared with wild-type littermates at 7 d after injury. This
suggests that myelin debris were not removed efficiently in the
absence of CD11b� cells. It should be pointed out, however, that
myelin breakdown and the formation of ovoids of degenerating
myelin were apparent in the distal sciatic nerve segment of GCV-
treated CD11b-TK mt-30 transgenic mice, indicating that these re-
sponses did not depend on CD11b� cells. Overall, these findings
suggest that CD11b� macrophages are primarily, although per-
haps not entirely, responsible for the phagocytosis and removal of
myelin debris and its inhibitory effects.

Peripheral nerve injury leads to the expression of a wide vari-
ety of neurotrophic factors, notably neurotrophins (Fu and Gor-
don, 1997; Terenghi, 1999). Neurotrophins, which include NGF,
BDNF, NT-3, and NT-4/5, are well known for their capacity to
promote neuronal survival and axon growth in the PNS and CNS
(Lacroix and Tuszynski, 2000). Addition of exogenous neurotro-
phins to the injured peripheral nerve environment has been re-
ported to facilitate axon regeneration and remyelination and to
improve functional recovery, whereas blocking these factors was
found to compromise regeneration and cause additional deficits
in recovery of nerve functions (Terenghi, 1999; Lykissas et al.,
2007). Despite abundant evidence showing that neurotrophins
are key molecules for nerve regeneration and repair, the cellular
and molecular mechanisms regulating neurotrophin synthesis

have yet to be fully investigated. The Thoenen Laboratory re-
ported the first evidence that immune cells might play a role in
regulating neurotrophin synthesis after neural injury. They ob-
served that NGF mRNA levels decrease over time when sciatic
nerve is kept in culture, and that NGF levels increase when acti-
vated macrophages are added to the culture medium (Heumann
et al., 1987b). In a subsequent study, they found that IL-1� de-
rived from macrophages was responsible for the synthesis of NGF
by non-neuronal cells after sciatic nerve injury (Lindholm et al.,
1987). Based on the time course of BDNF expression, they further
suggested that different regulatory mechanisms were likely to
control NGF and BDNF expression in the injured peripheral
nerve in vivo. To clarify this issue and investigate the possibility
that CD11b� myeloid cells may also contribute to nerve regen-
eration through the production of neurotrophic factors, we ex-
amined whether depletion of CD11b� would affect neurotro-
phin synthesis after sciatic nerve injury.

In line with previous studies (Heumann et al., 1987a,b; Funa-
koshi et al., 1993), our results show that NGF, BDNF, and NT-4/5
expression was absent in the intact sciatic nerve but induced in
non-neuronal cells of the nerve distal stump after injury. Our
results differ, however, from the study by Funakoshi et al. (1993)
with regard to the expression of NT-3, which we found to be
regulated exactly like the other three neurotrophins. The differ-
ences observed between the study by Funakoshi et al. (1993) and
ours are discussed in more details the supplemental Discussion
(available at www.jneurosci.org as supplemental material). Addi-
tional analyses using CD11b-TK mt-30 transgenic mice revealed
that neurotrophin expression was almost completely abolished in
animals depleted in CD11b� cells. Double-labeling studies com-
bining ISH with immunohistochemistry and experiments per-
formed in scid mice that have no functional T- and B-cells con-
firmed that granulocytes and/or a subset of monocytes expressing
the Gr-1 marker were the main, if not only, cellular source of
neurotrophins in the injured sciatic nerve at 1 week after lesion.
Work is currently underway to determine the exact phenotype of
these cells.

Another particularly intriguing observation that we made
during the course of this study is that the formation of new blood
vessels at the lesion site and within the nerve distal stump was
almost completely prevented in mice depleted in CD11b� cells.
This, together with the fact that we found no evidence of GFP�

endothelial cells in blood vessels of GFP bone marrow chimeric
mice after peripheral nerve injury (S. Lacroix, unpublished ob-
servations), suggests that CD11b� cells are essential for vessel
formation after nerve injury but unlikely to develop into
endothelial-like cells, as suggested by others when cultured under
certain experimental conditions (for review, see De Palma and
Naldini, 2006). Interestingly, Gray et al. (2007) reported in their
recent macrophage depletion study the presence of significantly
less Evans blue albumin (used as a marker of blood vessel integ-
rity) in their sciatic nerve preparations after injury. Although this
issue was not investigated in their study, one possible interpreta-
tion of these results is that de novo vessel formation was compro-
mised in sciatic nerves of these animals in the absence of mono-
cytes/macrophages. A proangiogenic role for a specific subtype of
myeloid cells expressing the Tie2 angiopoietin receptor and rep-
resenting �1–15% of all CD11b� myeloid cells has been re-
ported before in a brain tumor model (De Palma et al., 2003,
2005). The demonstration that cells expressing Tie2 were de-
pleted in the sciatic nerve distal stump of GCV-treated CD11b-
TK mt-30 transgenic mice supports the possibility that such a pop-
ulation of myeloid cells (CD11b�Tie2�) may have been

4

(Figure legend continued.) and WT mice at 7 d after lesion in response to either GCV or saline

treatment (n � 8 per group). Error bars indicate SEM. i, j, Representative photomicrographs

showing immunofluorescence for CD31 in the sciatic nerve distal stump of WT (i) and TK (j) mice

treated with GCV at 7 d after lesion. The arrows point to the lesion site. k–r, Representative

bright-field photomicrographs showing immunoreactivity for CD31 in sciatic nerve cross sec-

tions taken from contralateral (unlesioned) and ipsilateral (lesioned) nerves of WT and TK mice

treated with either saline or GCV at 7 d after lesion. s, t, Representative dark-field photomicro-

graphs showing Tie2 mRNA expression in the sciatic nerve distal stump of GCV-treated WT and

GCV-treated TK mice at 7 d after lesion. Note the absence of Tie2 mRNA signal after depletion of

CD11b � cells. ***p � 0.001, **p � 0.01, and *p � 0.05 compared with the WT plus saline

group; §§§p � 0.001, §§p � 0.01, and §p � 0.05 compared with the TK plus saline group;
†††p �0.001, ††p �0.01, and †p �0.05 compared with the WT plus GCV group. Scale bars: (in

c) a– c, 50 �m; (in g) d– g, 50 �m; (in j) i, j, 250 �m; (in r) k–r, 80 �m; (in t) s, t, 100 �m.
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instrumental to the formation of new
blood vessels. Some of the potential mech-
anisms by which CD11b� myeloid cells
could regulate blood vessel formation/
stabilization are discussed in the supple-
mental Discussion (available at www.
jneurosci.org as supplemental material).

Together, the results discussed above
could help resolve a long-standing contro-
versy regarding the potentially beneficial
effects of transplanting macrophages into
the injured spinal cord (Schwartz and
Yoles, 2006; Donnelly and Popovich,
2008). This controversy stemmed mostly
from two separate studies, one that re-
ported that macrophages preincubated
with sciatic nerve segments can promote
partial recovery of motor functions once
transplanted into the fully transected rat
spinal cord (Rapalino et al., 1998) and an-
other that showed that depletion of blood-
derived macrophages decreases tissue
damage and promotes recovery of hind-
limb function after spinal cord contusion
(Popovich et al., 1999). Perhaps mono-
cytes/macrophages play a role in both tis-
sue damage and repair, depending on the
cellular population involved and their
state of activation. Additional studies are
therefore needed to investigate whether a
specific subset of the macrophages that
were transplanted or depleted into the in-
jured spinal cord were responsible for the
reported beneficial and detrimental ef-
fects, respectively. Along these lines, the
existence of at least two monocyte subsets
with divergent but complementary func-
tions was recently demonstrated (Auffray
et al., 2007; Nahrendorf et al., 2007). Ac-
cording to these studies, one of these two
subsets, termed inflammatory monocytes
(Gr-1 high/CCR2�/CX3CR1 low), are re-
cruited to injured tissues via the CCR2 re-
ceptor and are primarily involved in in-
flammation, proteolysis, and
phagocytosis. The other monocytic popu-
lation, termed Gr-1 low/CCR2�/
CX3CR1 high monocytes, respond to a dif-
ferent chemokine, fractalkine (also
referred to as CX3CL1), and is apparently
implicated in both immune surveillance
and the healing process. A role for Gr-1 low/
CX3CR1 high monocytes in angiogenesis has also been suggested
(Nahrendorf et al., 2007). Clearly, more studies are needed to
better define the exact roles of the various monocyte/macrophage
subsets after injury to the nervous system.

In conclusion, our results indicate that CD11b� myeloid cells
modulate axonal regeneration after injury by directly influencing
the growth cone dynamics through the creation of a more favor-
able growth environment. These cells contribute to recreate a
permissive milieu for regeneration of injured peripheral and cen-
tral axons through the removal of inhibitory myelin debris and
release of neurotrophic and proangiogenic factors.
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